Behaviours of laser-induced plasma and fuel spray were investigated by visualizing images with ultra-high-speed cameras. Ethanol is used as fuel. Effects of water content in ethanol on ignitability of laserignited spray flame are discussed. The experimental considerations were conducted on pressure analysis of laser-ignited spray flame, measurement LIBS spectra and visualization of the plasma generation. Effects of water content in ethanol on ignitability of laser-ignited spray flame were discussed. Interaction between a single droplet and laser-induced plasma is investigated using levitated single droplet by the ultrasoniclevitator. Three main conclusions were drawn from these experiments, (1) Appropriate water content in ethanol can affect better ignitability due to higher plasma temperature and volume expansion in combustion. However, higher water content causes lower ignitability of laser-ignited spray flame due to lower plasma temperature.
Introduction
In order to reduce global CO 2 emissions, biomass fuel, such as ethanol, methanol, MTBE (methyl tertiary-butyl ether), ETBE (ethyl tertiary-butyl ether), have been focused as an attractive alternative fuel instead of gasoline in an SI engine [1] [2] [3] . Although the emission of aldehyde will increase when we use ethanol as fuel, the damage to the environment by the emitted aldehyde is far less than that by the poly-nuclear aromatics emitted from burning gasoline. Alcohol fuels particularly ethanol has a several features as fuel for the SI engines, such as high octane number: 107 (RON), oxygenate fuel, high flame speed, low stoichiometric air-fuel ratio, high enthalpy of vaporization.
Ethanol can be used in a spark-ignition engine as pure fuel or as gasoline-ethanol blends. High enthalpy of vaporization of ethanol affects the vaporization of ethanol-blended gasoline, and forms thicker liquid film around intake valves, cylinder wall and piston top [4] . These liquid films can form leaner mixture inside engine cylinder at the early stage of compression stroke. In this case, spray-guided DISI (Direct Injection Spark Ignition) system is effective in a spark-ignition engine with ethanol or ethanol-blended gasoline. The spray-guided system generates a stratified fuel concentration near the spark plugs because the fuel is aimed directly toward them. Ignition by a spark-plug traditionally used, is difficult to change its position and interference of the spark-plug to the fuel spray makes the combustion instability. To improve such problems, laser-induced plasma ignition attracts attention. Laser ignition device is not interfered with the fuel spray and it can select variable ignition position by adjusting the optical setting. For these advantages, laser ignition is expected as a method suitable for ignition of a system using a fuel spray.
In laser ignition, a flame kernel is formed as a laser-induced plasma, which is generated by focusing a high energy density pulse-laser on combustible mixture. Laser ignition has a lot of advantages over spark-plug ignition, such as selection of ignition point by setting an optical system, control of ignition energy, decrease in heat loss and interaction between a ground electrode of spark-plug and a spray due to the ignition device [5] [6] [7] [8] . However, there are few research about laser-induced plasma generation in the point where contain both gas and liquid phase like a fuel spray. In order to apply laser ignition to transient fuel spray, it needs further investigation about possibility that the plasma position is moved by laser influence, optimal laser focus point, effect of shockwave generated by plasma on spray forming, attenuation and scattering of laser energy due to the droplets, minimum ignition energy, etc.
In this study, the behaviours of laser-induced plasma and fuel spray were investigated by visualizing images with ultra-high-speed cameras. Ethanol is used as fuel. Time-series images of laser-ignited flame of ethanol spray are visualized using high-speed colour camera. Effects of water content in ethanol on ignitability of laser-ignited spray flame are discussed. Status of laser-induced plasma in fuel spray is investigated with plasma temperature observed by measurement of plasma emissions using laser-induced breakdown spectroscopy (LIBS). Visualization of laser-induced plasma is observed using ultra-high-speed colour camera. Moreover, interaction between a single droplet and laser-induced plasma is investigated using levitated single droplet by the ultrasoniclevitator [9] . Figure 1 shows the experimental apparatus. A 2-hole fuel injector [10] was set on a constantvolume vessel, which has four optical windows. One of the 2 fuel sprays was injected into the vessel vertically downward. Iso-octane or ethanol was used for the fuels. Laser-induced plasma was generated into the injected fuel spray by focusing a nanosecond pulse of second harmonic (wavelength λ=532nm) of Q-switched Nd:YAG laser. Laser incident energy was controlled by a half-wavelength plate and a polarizing beam splitter, and the laser beam was focused by a convex lens which has 100mm focal length. The incident energy and transmitted energy was measured by two energy meters. The transmitted energy was used to estimate an energy loss caused by the attenuation and scattering. The emission from the laser-induced plasma was led to the spectroscope with ICCD detector through an optical fiber for LIBS measurement. In addition, the state of the plasma generation was visualized by an ultra high-speed colour camera (nac Image Technology Inc., ULTRA cam HS-106E) which can record up to 1.25Mfps (minimum exposure time is 100ns). In order to observe the effect of the flow velocity and the diameter of droplets on the plasma and fuel forming, injection pressure P i was changed. Dry-air was used as the ambient gas in ignition experiment and in LIBS measurement. Ambient gas pressure P a was 0.1MPa in all experiments. 
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Laser-Induced Breakdown Spectroscopy
LIBS is a technique to detect the distribution of atomic or molecules by spectroscopy of laserinduced plasma [11] . LIBS spectrum can be measured simultaneously with laser ignition because both of them utilize the laser-induced plasma emissions. This enables the observation of the plasma and the combustion using the same laser pulse, and the results show the electron temperature about just one transient fuel splay.
In order to estimate the plasma temperature, we assume that laser-induced plasma is local thermodynamic equilibrium plasma. Plasma temperature can be calculated by using the Boltzmann equation. With the Boltzmann equation the emission intensities (integrated over the spectral profiles) from two transitions (I 1 and I 2 ) can be related to the transition probabilities for the transition (A 1 and A 2 ), the transition wavelength (λ 1 and λ 2 ), the statistical weights of the upper level of the transition (g 1 and g 2 ), the energies of the upper states (E 1 and E 2 ), the temperature (T), and the Boltzmann's constant (k) according to:
With the natural logarithms of Equation (1) 
In our experiments, plasma emission lines of Hα(656nm) and Hβ(486nm) were used to estimate plasma temperature. Figure 2 shows the time-series images of laser-ignited ethanol spray flame under various water content conditions in ethanol. Injection pressure P i was 7MPa, the ambient temperature T a was 430K. Incident energy was E in =30mJ constant. Water content in ethanol was changed from 0%(dehydrated ethanol) to 50%.
Experimental Results
Ignitability of laser-ignited ethanol spray flame
The laser-ignited flame of ethanol is luminous flame. We checked emission spectra from laserignited flame using LIBS system, as shown in Fig. 3 . The emission lines of 588 nm and 767 nm is specific. Their spectra are made from water due to ethanol combustion, as shown in ref [12] . Figure 4 shows the chamber pressure of laser-ignited ethanol flame under several water content conditions. Chamber pressure was measured using pressure transducer. As water content in ethanol is increased, maximum pressure increases. Water content as 30 % shows maximum pressure in constant volume vessel. Maximum pressure of water content as 40% is lower than dehydrated ethanol. In the case of 50% as water content in ethanol, laser ignition cannot occur. When water content in ethanol is increased from 0% to 30 %, ignitability of laser-induced spray flame is getting better, however, much of water content in ethanol over 40% caused bad ignitability. Here, incident energy of laser-induced plasma is same, therefore water content affects the ignitability of ethanol spray flame.
In order to understand the effects of water content in ethanol on ignitability of ethanol spray flame, plasma temperature under several water content conditions were measured using LIBS spectra. Fig.  5 shows typical LIBS spectra of laser-ignited ethanol spray flame. In Fig. 5 , plasma emission lines of Hα(656nm) and Hβ(486nm) can be detected in laser-ignited ethanol spray flame. Using these lines, plasma temperature of laser-ignited ethanol spray flame can be estimated using Equ. (3), as shown in Fig. 6 . In order to calculate the plasma temperature, the background light was subtracted from the raw spectrum data by using Shirley's method [13] .
When the water content increases from 0% to 30 %, plasma temperature increases. Water content in ethanol spray can affect the volume expansion due to combustion. Appropriate water content in ethanol can affect better ignitability due to higher plasma temperature and volume expansion in combustion. However, in the case of water content over 40%, plasma temperature decreased lower than dehydrated ethanol (0% water content). Higher water content causes lower ignitability of laserignited spray flame due to lower plasma temperature. Water content ratio, % Electron temperature, K Plasma temperature, K
Interaction between laser-induced plasma and fuel spray
The plasma condition in a fuel spray which contains liquid phase and gas phase is different from only gas phase. Thus, it is necessary to investigate more details about plasma in a fuel spray. Displacement of plasma position is a problem because an ignition position is important in spray combustion. At the same time, it was also observed that the shockwave which was generated with plasma dispersed the fuel droplets. Judging from the above, it is necessary to consider the fuel droplets existence when measuring LIBS spectra or selecting the ignition point. In order to understand the interaction between spray and plasma, we focused on the plasma generation by using the ultra high-speed camera.
The plasma generation in fuel spray was recorded by an ultra high-sped camera. The frame speed is 1Mfps and the exposure time is 100 or 200 ns. Since it was predicted that the droplets diameter is decreased in high ambient temperature due to the evaporation, the ethanol which has relatively low boiling point was used as the fuel. The images showed an area around plasma generation, and the size was 10.0mm × 8.7mm. The injection pressure P i was set at P i =1 and 7MPa to investigate the effect of the flow velocity and the droplets diameter on formation of laser-induced plasma. Figure 7 shows the plasma images at P i = 1MPa and the ambient temperature T a =296K. The experimental condition was the same in both #1 and #2. The laser was shot from right side of the image, and the focal point of the convex lens was on the dashed line. From the Fig.7 , a piece of plasma was generated around the lens focal point at #1 image. This is similar to plasma generation at gas phase. At 4µs after the laser shooting, the shockwave was detected in the image. The droplets were dispersed and broken up by the shock wave. On the other hand, the #2 images captured some places of plasma even if #1 and #2 were the same condition. Each of this plasma emitted the shockwave, and caused droplet dispersion different from #1. Compared with #1, the plasma decay was faster when the plasma was generated at some places like #2. If the same quantity of laser energy was shot, the incident energy was partitioned each plasma when the plasma was generated like #2. As a result, the energy consumption per a piece of plasma is lower than that of #1, which causes the faster decay of plasma. Figure 8 shows the plasma images at P i =7MPa constant and T a =296K and 390K. Comparing images in Fig. 8 to Fig.7 at T a = 296K, the droplets size was decreased with increase of injection pressure. In Fig.8 , the point of plasma generation was moved to laser shooting side than that of Fig.  7 . The reason why the plasma position was moved is probably because the spray angle was expanded with increase of injection pressure, and the contact points of laser and droplets were moved to laser shooting side. In Fig. 8 , the plasma was generated at some points similarly to Fig. 7 , but the dispersion was greater than in Fig. 7 . When the ambient temperature was increased to 390K, the dispersion became significantly. Because the ambient temperature T a =390K was higher than the boiling point of ethanol 351K, ethanol was evaporating during the injection, the diameter and weight of droplets were decreased. As a result, the droplets became sensitive to the shockwave. There is a possibility that the droplets play a role on the convex lens, and which causes the moving of plasma position. In order to investigate the lens effect of droplets, the laser was shot to single droplet of water which was levitated by the ultrasonic-levitator [14] . A droplet, of which size is 2.5- 3mm, was levitated by this device. The position of the droplet was moved to backward and forward around the focal point of the convex lens. At each droplet position (DP), the laser was shot into the droplet, and the process was observed by the high-speed camera, as shown in Fig. 9 . The DP shows the distance from the focal point of the convex lens. When the droplet was set up at a point longer than the focal length, the DP is positive value. The crosses symbol on the image shows the lens focal point. In DP=1mm, the laser into the droplet after through the focal point. Because of this location, the plasma generated in the air contacted with the droplet. As a result, the droplet was exploded from laser shooting side. In this condition, it is thought that the free electrons were supplied to the droplet. In DP=−4mm, the lens focal point locates behind the droplet. However, in this location, the droplet was exploded from inside. From this viewpoint one may say that the laser beam was refracted by the droplet and the focal length became shorter than the original focal length of the convex lens. As a result the combined focal point located inside of the droplet, the droplet was exploded from inside. In addition, we can see the droplet was exploded from the backward or behind in DP=−18mm. This result also supports the lens effect of the droplet. When the droplet diameter is smaller, the focal length also becomes shorter. The reason why the plasma was generated at the laser shooting side in Fig.7 and Fig.8 is probably because the focal length became shorter by the lens effect of the droplets. One explanation for the plasma generation at some position may be that each droplet in the spray played a role as the lens. Figure 9 Droplet explosion at different location to lens focus
Shockwave
Conclusions
In order to apply a laser ignition to a transient ethanol fuel spray, the experimental considerations were conducted on pressure analysis of laser-ignited spray flame, measurement LIBS spectra and visualization of the plasma generation. Effects of water content in ethanol on ignitability of laserignited spray flame were discussed. Interaction between a single droplet and laser-induced plasma is investigated using levitated single droplet by the ultrasonic-levitator. The conclusions reached were as follows: (1) Appropriate water content in ethanol can affect better ignitability due to higher plasma temperature and volume expansion in combustion. However, higher water content causes lower ignitability of laser-ignited spray flame due to lower plasma temperature.
(2) The fuel droplets in the spray were dispersed by the shockwave generated with the laser-induced plasma.
(3) There is a possibility that the plasma position is moved by the breakdown at the droplet surface and the lens effect of droplets.
